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Abstract

A method fs:develoﬁed defining the oxygen chemical potential on the
surface of oxide on the metal phase during a gaseous reduction reaction.
The method cbuples the gas reaction with a solid state defect reaction.
It is shown that, during this gas/solid reaction, the surface oxygen
chemical potential,,us, is between that of the gas phase, Hgs and that
of the metal/metal oxide equilibrium, Hge If the adsorption-desorption
step is slow, Uy is close to g3 if the adsorption-desorption step is

fast, Mg is close to ug.
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I. Introduction

In certain gas-solid reactions, such as oxide reduction by CO/CO2
mixtures, it may be necessary to define the surface oxygen chemical
potential. This potential is an important quantity, since it provides a
boundary value for solid state transport prbcesses that occur as parﬁ of
the reaction mechanism. The significance of this surface oxygen chemi-
cal potential was recently demonstrated by Chang.apd-ngJQnghe(l) for the
gaseous reduction of an ion bearing oxide, cobalt ferrite, where the
oxygen chemical potential at the metal- oxide-gas triple junction, us,
determines the morphology of the metallic reaction product. In the case
of CO/CO2 reduction of the cobalt ferrites, metallic alloy ﬁhiskers are
formed, as shown in Fig. 1, with a diameter that is determined by the
rate at which the oxygen is removed from under the whisker~the metal-
oxide interface-and by a surface gas/solid reaction at triple junction.
The situation is shpwn schematically in Fig. 2. This oxygen chemical
potential is between that for the metal-oxide equilibrium, ue, and that
for the gas phase equilibriuﬁ, pg. In this paper we considered how the
oxygen chemical potential, Ugs may be defined for a reduction reaction
when the oxide or the metal surface is the active reaction phase where

the conversion of CO to 002 occurs.



II. Kinetic and Thermodynamic Consideration

Only the simplest reaction sequence will be considered here. This
will permit a clearer discussion of the procedure, without undue alge-

braic complexity.

L/
During a gas-solid reaction, such as reduction of oxide, MO, to ’
metal, M, by CO/COZ, the oxygen chemical potential in the gas phase, Hgs
will differ from the one on the surface of the solid, us, which in turn
will differ from the MO/M equilibrium one, ue. The reduction reaction
may, in its most elementary form, be described by a first order reaction
sequence:
k%
co(g) + MO==cCo(a) + MO (1)
14
ko
co(a) + MOT=C0_(a) + M : (2)
1o 2
k3
CO,(a) -+ M3=CO,(g) + M . (3)
2 1 2
3
This sequence does not specify where the adsorption, exchange, or
desorption reactions occur. In actuality, different parts of the reac-
tions may well take place on different phases when both metal and oxide
are present as surface phases; e.g., adsorption might occur on the metal
surface, followed by surface diffusion of the reaction product to the
adjacent oxide where desorption might occur easily, similar to processes -
occurring on bifunctional catalysts or in spill-over processes.(2’3) y

These and other complications will, however, be ignored here. To define

the oxygen chemical potential on the surface during reaction we first
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find Ra = [CO(a)]/[CO,(a)]. Equations (1) to (3) give the first order

flux equations during steady state:

J = ky[co(g)] - 1,[c0(a)] ()
= ky[c0(a)] - 1,[C0,(a)] (5)
= k3[C°2(a)] - 13[COZ(8)] v (6)

which, after some algebra, leads to:

Ry = [Rgky(k3 + 15) + L131/[Rkky + 13(k, + 14)] (1)

One can also write:

J = k*[C0o(g)] - 1*[002(3)] (8)
where:

k¥ = k1k2k3/(k2k3 + kal, + 1,1,) _ (9)
and

1% = 111213/(k2k3 + kal, + 1,1)) (10)

To find the oxygen chemical potential in the surface during reac-
tion, a solid state interaction must be invoked. Fof gaseous reduction
with the relevant reactions occurring on the oxide phase, oxygen is

removed from the MO lattice so that, in the simplest case, using

EY



Kroger-Vink rotation,(*) Reaction (2) and (3) is replaced by:

k k
b . 5
CO(a) + MO TZL0,(a) + Vo + 2e' + My T=C0,(a) + M (1)
1 1
k 5

with the flux equations:

[
[

= k,[C0(a)] - 1,[C0,(a)1[V,ile’ 12 (12)

k5[C0,(a)IlVqller 1% - 15060,(a)] (13)
These two reactions can be combined and put in the same form as Eq. (5),
giving a new expression for k2 and 12:

ky

kuksl(k5 +1y) (14)

[
)

= 1415/(k5 + 14)

With these substitutions, the expression for Ra’ Eq. (7), retains the
same form. Since the crystal defects, the oxygen vacancies V; and the
electron e', are occurring in the solid state, local equilibrium between

them prevails, and one may write:

K¢
* (1]
MO 1;1/2 02(3) +Vy+ 2" + My (15)

where K6 = k6/16, and where the Pp is an effective oxygen partial pres-
2

sure that would have established the same non-stoichiometry in the sur-

face as the one exposed by Eq. (11). From Eq. (15) it follows that:

[Volle'1? = xs/pagz | (16)



Thus, combination of Eqs. (12) and (16) gives:

172 _ _(a) 1%
Po, - co, [[co(a)]] 2 /(1 - 3/x,[co(a)]) (17)

Elimination of [CO(a)] with Eq. (7) and of J with Eq. (8) and with Ka =

k1/11, leads to:

(o]
R
K -5
p(1)/2 . Eé ﬁL - g (18)
2 4 Ta R:
* o - ——
ky [R, /% 1 -2,
g
where Rg = 1%/k®, the M/MO equilibrium CO(g)/C0,(g) ratio in Eq. (8).

At equilibrium, combination of Eq. (11) and (15) also yields that

)1/2

_ 070
Ke/Ky = Ra(p02

(19)

2

where R: and pg are the M/MO equilibrium values of R_ and p . The
2 2

oxygen chemical potential in the surface during reaction will then be

0 1/2
Hg = us + kT 1n p02 (20)

If we put

i Buyg = Hg - e (21)

then combination of Eqs. (18) through (21) gives



(o)

R
r° 1"§g
- a - g
Mmo = kT 1n R, 1 | 3 (22)
k, |k /k* - |1 - &)1
) Rg 1

If the gas-solid exchange process occurs on the metal phase M in an
M-MO two phase surface, a different reaction scheme can be condensed.

Then, Egqs. (2) and (3) are replaced by:
k k
T

8 o
Co(a) + MO 2= CO(a) + (0) + M = CO,(a) + M (23)
l7 18

where (0) is oxygen dissolved in the M surface. The (0) can again be

considered to establish the surface oxygen chemical potential by:

%9
(0) == 172 P
1 02
9 (24)
The same procedure as before, with Kd = k3/l3, then leads to:
\
( R
K| 2 -1
R° d R°
My = kT Inq:2 = g =+ 1| ¢ (25)
a (2 - 1), + 110
R° 3
. AN J /
with k2 and 12 in Eqs. (7) and (9) and (10) now replaced by
k2 = k7k8/(l7 + k8) (26)
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To predict how uMO or UM depends on reaction conditions would
require knowledge of a large number of reaction rate parameters ki and
li' This information is rarely, if ever, available. It is, however,
usefﬁl to consider the trend of Au for limiting cases where the surface
processes or tﬁe adsorption-desorption reactions are rate controlling.
Such calculations have been performed for Figs. 3 and 4. Various values
of ki = l1 have been assumed for the case where R;,z 1. Curve A in
Figs. 3 and 4 give Ay as a function of Rg/RZ’ for all ki = li = 1. It
;s evident when exchange reactions are fast compared to adsorption-
desorption reaction, case B in Figs. 3 and 4, that us remains close to
ue. When adsorption-desorption processes are fast compared to the sur-

face exchange reactions, case C in Figs. 1 and 2, us remains closer to

“g' In this case, a larger driving force is available for the tran-

sporting oxygen from under the metal to the face surface, shown schemat-

ically in Fig. 1a.



III. Conclusions

The surface oxygen chemical potential during a'gas-solid reaction,
such as the reduction of an oxide by CO/CO2 gas mixtures, can be defined
by invoking a solid state defect reaction. For the gaseous reduction of
MO to M, this chemical potential is between that of the gas phase and
that of the MO/M equilibrium, depending on the relati?e rates of

adsorption-desorption and surface exchange reactions.
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

a) Reactions occurring on the metal or on the oxide phase near
the metal-oxide-gas triple junction. Oxygen vacancies or dis-
solved oxygen may need to be transported along or near the
metal-oxide interface when the progress of the reaction
requires that oxygen is removed from that interface.

b) Schematic rgpresentation of the oxygen chemical potential

for a reduction reaction where oxide MO is converted to metal

M.
Example of metal whiskers formed as a result of CO/CO2 reduc-
tion of the oxide CoFe,0,. The oxide was reduced at 900°¢,

for 300 sec, at a total gas pressure of 100 torr, with CO/CO2

= 11.8.

o
uMO as a function of Rg/Rg for various assumed values of ki

and 1,, with R® = 1and k, = 1 for all cases.
i g i i

uM as a function of Rg/ RZ for various assumed values at ki

and 1., with RC = 1, and k; = 1, for all cases.
i g i i
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